INTRODUCTION
A Royal Naval submariner recently developed chronic myeloid leukaemia (CML) after 13 years' service in the submarine flotilla. Submarines often spend weeks at a time submerged and during this time the atmosphere becomes contaminated with a variety of gases and aerosols. One such contaminant, benzene, is a known leukaemogenic agent. The question therefore arose as to whether the leukaemia had been precipitated by benzene exposure during the man's submarine service. The Institute of Naval Medicine was tasked with investigating the case.
The aim of the investigation was to:
a Review the known aetiology of the acute and chronic leukaemia b Ascertain the latest information on benzene as an occupational health hazard c Determine the atmospheric conditions experienced by the submariner whilst serving in Royal Naval submarines d Define what increased risk (if any) the submariner's exposure to benzene is created in regard to the development of CML
THE AETIOLOGY OF LEUKAEMIA
The incidence of leukaemia (all types) is approximately 10 per 100000 of the population per annum. Acute leukaemias represent 50% 'of the total. Men are affected more frequently than women, the ratio is about 3:2. The mechanism of leukaemogenesis remains uncertain; however, there are well-established inciting agents such as: ionizing radiation; certain viruses; genetic and congenital factors; and chemical agents such as benzene. Chronic lymphocytic leukaemia affects 3/100000 of the population per annum. The male:female ratio is 2: 1 and the majority of cases develop over the age of 45. The aetiology is unknown. CML affects 1.5 people per 100000 per annum, i.e. it is very rare.'. The male:female ratio is 1.3: 1. The median age of onset is 45. It is an unusual disease. Over 90% of people affected have an acquired structural chromosomal Surgeon Cmdr M R Dean, Moncton House, Institute of Naval Medicine, Crescent Road, Alverstoke, Gosport, Hampshire P012 2DL, England BAYER PRIZE MEETING, 1 DECEMBER 1994 abnormality-the Philadelphia chromosome'. Excessive radiation exposure can induce the formation of the Philadelphia chromosome. After a variable latent period the chromosome aberrations appear to cause a malignant transformation thus producing the clinical entity of CML. This has been recorded in radiologists who have practised without protective shielding, in patients receiving radiation treatment for ankylosing spondylitis and in subjects exposed to the radiation from the atomic bomb explosions in Japan during 1945. The incidence of CML increases in an approximately linear relationship to the' radiation dose received.
The contribution of chemicals to the causation of CML is hard to assess. Any chemical capable of causing myelotoxicity or chromosome damage is suspect. However, people in industrial societies are exposed to such a wide variety of chemicals with these properties, that their very prevalence makes it difficult to incriminate specific substances. Benzene, however, has proved to be a special case.
BENZENE
It has been estimated that about two million workers in the USA are potentially exposed to benzene/. Most exposures are related to the coke, rubber, transportation, and petroleum/benzene production industries.
Use of benzene, prior to the early 1970s particularly, as a solvent often resulted in concentrations in workplace air of up to 500 parts per million (ppm) with peak values > 1000 ppm 2 . Over recent decades the majority of personal exposure (probably around 90%) is below 1 ppm/. This reduction in exposure is due to increased awareness of the health risks associated with benzene and improved industrial hygiene practices.
The most significant adverse effects recorded from occupational exposure to benzene are haematotoxicity, immunotoxicity, genotoxicity and carcinogenicity (in particular the development of leukaemia). Increased leukaemia risk was identified in studies in the shoe making industries, chemical workers and in oil refinery personnel. Most of the studies concerned exposure to high levels of benzene (in the order of 100-200 ppm over an 8 h working day, 40h per week)4,5. The latent period for benzeneinduced leukaemia ranged from 2-50 years. The most common type of leukaemia associated with benzene 
OCCUPATIONAL EXPOSURE OF THE SUBMARINER
are promulgated in BR1326 9 . The Royal Navy Submarine Air Purification Committee recently commissioned the Medical Research Council (MRC), Royal Naval Personnel Research Committee (RNPRC), Submarine Environmental Subgroup to review the health-based limits for submarine patrols. The final report has been issuedl", The conclusion reached on benzene by the subgroup was that much has been written about the toxicity and potential carcinogenicity of this compound; the RN MPC90 of 0.5 ppm seems a reasonable reduction of the HSE TWA of 5 ppm.
Duration of exposure
The submariner had served in nine submarines over a 153 month period. One hundred and twenty-nine months of these were in nuclear submarines, 24 months in conventional boats. It is not known precisely what percentage of this time was spent at sea. A reasonable assumption would be to estimate that approximately 6 years in total was spent in the enclosed submarine environment. It is in the enclosed conditions that exposure to benzene above that encountered in the normal environment is likely to occur. Whilst the submarine is alongside, or running on the surface ventilating fresh air, the exposure is not significantly in excess of the normal background. 
ROYAL NAVY ATMOSPHERE PURIFICATION POLICY
exposure is the acute myeloid variety. Other types have been reported however, including the occasional case of CML. The retrospective cohort study performed by Rinksy et al. 6 is generally agreed to be the most carefully performed epidemiological study available to date. The study revealed a statistically significant increase in deaths from all lymphatic and haematopoietic cancers.
Recent epidemiological studies demonstrate a direct correlation between the level of exposure (down to about 5 ppm), the duration of exposure and the incidence of leukaemia. Below exposure levels of 5 ppm no statistical rel'ationship between exposure to benzene and the likelihood of developing leukaemia can be shown. It has been necessary to extrapolate the data from reliable epidemiological studies, using mathematical modelling, to provide an estimate of the risks below exposure levels of 5 ppm.
The World Health Organization? concluded that a timeweighted average of 1 ppm over a 40-year working career has not been statistically associated with any increase in deaths from leukaemia. However, exposure to more than 10ppm should be avoided. An extensive review for the Commission of the European Cornmunitiesf has recently been completed. Using data from several epidemiological studies and mathematical modelling techniques the Federal Environmental Agency attempted to estimate the runge of excess leukaemia cases expected at differing low levels of occupational exposure (Table 1) .
It was concluded'' that the estimated range of 0.5-6.6 additional leukaemia cases per 1000 workers exposed to 1 ppm benzene over a working lifetime of 40 years (40 ppmyears) represents at best the present knowledge of benzeneinduced leukaemia. This type of information enables nations to set health bases occupational exposure limits for benzene. In the UK, the Health and Safety Executive (HSE) 8 h timeweighted average exposure level is presently 5 ppm.
The setting maximum permissible concentrations
Just as industrial nations have set health-based limits for an 8 h occupational exposure to benzene, the Royal Navy has set and maintained the maximum permissible concentrations (MPC) allowable for a patrol of around 90 days continuous exposure (MPC90). These are health-based limits which are derived from industrial standards but are set at a lower level to reflect the unique exposure pattern of submarine patrols separated by periods of shore-based activities. The method of extrapolating the MPC limit varies from substance to substance but in the case of benzene it involves dividing the UK, HSE levels (5 ppm 8 h time weighted average) by a factor of 10 to arrive at an MPC90 of 0.5 ppm. Full details
Nuclear powered submarines
The atmosphere recordings for each nuclear powered submarine in which the submariner served were extracted from the INM and Submarine Environmental Chemistry Unit (SECU) archives. In compiling the data it was noted that atmosphere reports from certain submarines were not rendered during some of the periods in which he served. This is likely to reflect the operational role of the submarine at the time, perhaps spending short periods of time diving, or undergoing a refit. Therefore, in order to obtain a more detailed atmosphere profile of each submarine on which the submariner served, all atmosphere reports held for each of the submarines were reviewed.
In general, all recordings were well within the MPC90 limits. There was very little information on HMS Dreadnought. Samples taken in 1965 showed the benzene level to be slightly over the MPC90. In 1972 HMS Conqueror recorded high levels but SECU considered the results suspect. Later recordings showed very low levels or no detection. In January 1981 HMS Resolution breached the MPC90 in the auxiliary machine space (AMS2/2) but was well within limits again by March 1982 suggesting that some source of contamination had been rectified.
Conventional submarines
Atmospheric reports from conventional submarines are not rendered routinely and there are no data available for the periods of time spent by the submariner of the Oberon class of the submarine. In order to estimate benzene levels it was necessary to use the information gathered from the special sea trials performed by the Defence Research Agency and SECU.
RISK ESTIMATE OF BENZINE-INDUCED CML
To obtain an estimate of the risk of benzene-induced CML it was necessary to determine the level of benzene exposure during the submariner's service in submarines and relate this to the conclusions of the industrial epidemiological surveys. The calculations were undertaken using both the median levels and maximum levels of benzene recorded on each submarine. Thus the average risk and 'worst' case risk estimates were determined.
Utilizing the recordings gathered from the submarines on which the submariner served and the results of the specialist trials the overall 'weighted benzene level' to which the submariner was exposed is determined: According to Table 1 , the estimated range of additional leukaemia cases per 1000 workers exposed to 1.0 ppm for 40 working years (40 ppm-years) =0.5-6.6. Therefore, the estimated risk to the submariner exposed to 0.6 ppm over a 13 years (153 months) working period (8 ppm-years) is approximately one-fifth of this: i.e. 0.1-1.1 additional cases per 1000 submariners. Using the maximum exposure figures the estimated risk to the submariner exposed to 2.5 ppm over a 13-year working period (32.5 ppm-years) is: 0.4-5.0 additional cases per 1000 submariners.
CONCLUSION
Assuming that approximately 50% of the 13 years spent on submarines was actually time spent at sea in the enclosed environment the estimatedincreasein leukaemiacases reduces to:
(a) For median levels: 0.05-0.5 additional cases per 1000 submariners (b) For maximum levels: 0.2-2.5 additional cases per 1000 submariners
The increased risk involved in developing the rare CML is considered to be extremely small.
